Rotaviruses are icosahedral viruses with a segmented, double-stranded RNA genome. They are the major cause of severe infantile infectious diarrhea. Rotavirus growth in tissue culture is markedly enhanced by pretreatment of virus with trypsin. Trypsin activation is associated with cleavage of the viral hemagglutinin (viral protein 3 [VP3]; 88 kilodaltons) into two fragments (60 and 28 kilodaltons). The mechanism by which proteolytic cleavage leads to enhanced growth is unknown. Cleavage of VP3 does not alter viral binding to cell monolayers. In previous electron microscopic studies of infected cell cultures, it has been demonstrated that rotavirus particles enter cells by both endocytosis and direct cell membrane penetration. To determine whether trypsin treatment affected rotavirus internalization, we studied the kinetics of entry of infectious rhesus rotavirus (RRV) into MA104 cells. Trypsin-activated RRV was internalized with a half-time of 3 to 5 min, while nonactivated virus disappeared from the cell surface with a half-time of 30 to 50 min. In contrast to trypsin-activated RRV, loss of nonactivated RRV from the cell surface did not result in the appearance of infection, as measured by plaque formation. Endocytosis inhibitors (sodium azide, dinitrophenol) and lysosomotropic agents (ammonium chloride, chloroquine) had a limited effect on the entry of infectious virus into cells. Purified trypsin-activated RRV added to cell monolayers at pH 7.4 medicated 51Cr, [14C]choline, and
[3H]inositol released from prelabeled MA104 cells. This release could be specifically blocked by neutralizing antibodies to VP3. These results suggest that MA104 cell infection follows the rapid entry of trypsin-activated RRV by direct cell membrane penetration. Cell membrane penetration of infectious RRV is initiated by trypsin cleavage of VP3. Neutralizing antibodies can inhibit this direct membrane penetration.
Rotaviruses are the major cause of severe infectious diarrhea in children under 2 years of age. They also cause disease in elderly and immunocompromised individuals, as well as in a variety of domesticated and wild animals. The viruses are members of the Reoviridae, a family of icosahedral (nonenveloped) viruses with a double-shelled protein capsid and a segmented, double-stranded RNA genome (20) . Detailed study of human rotaviruses was initially delayed because of the difficulty in growing them in vitro. Improved cultivation of rotavirus resulted from the identification of a highly permissive cell line, MA104 (36) ; the discovery that fastidious strains grow better in a roller rather than a stationary culture (4) ; and the observation that viral replication is markedly enhanced by the presence of trypsin (1, 3, 20, 51) . Presumably, this last condition occurs during host infection in the intestinal lumen, when rotavirus is exposed to pancreatic secretions.
The effect of trypsin on viral infectivity is mediated by alteration of the virion rather than the cell surface (5, 19) . The outer shell of the rotavirus capsid is formed by two proteins, viral proteins 3 and 7 (VP3 and VP7, respectively), which are the products of genes 4 and 9, respectively (35) . In genetic studies in which rotavirus reassortants have been used, the gene 4 product VP3 has been identified as the protein that is correlated with trypsin-enhanced growth in tissue culture (24) . Trypsin activation of rotavirus is associated with cleavage of the viral hemagglutinin VP3 (88 kilo-daltons) into 60-and 28-kilodalton fragments (11, 14, 15) . The protein sequence of VP3 has recently been determined from a cDNA copy of genomic RNA (24a, 27) . Two closely spaced arginines that would yield the appropriately sized cleavage fragments were identified in the sequence. Nterminal amino acid sequencing of the 60-kilodalton cleavage fragment derived from trypsin-treated virus showed that cleavage could occur at either of these arginines and confirmed that this location was the cleavage region. These two sites have subsequently been shown to be highly conserved among rotaviruses of different serotypes and host species (18, 28) .
The mechanism by which this proteolytic cleavage leads to enhanced growth is unknown. In a previous study (11) it was revealed that trypsin treatment does not alter radiolabeled virus binding to cell monolayers and it was suggested that viral uncoating, measured as the conversion of doubleshelled to single-shelled particles, was augmented by trypsin. More recently, a novel effect of trypsin on viral entry has been proposed. Early electron microscopic studies of rotavirus-infected cell cultures demonstrated rotavirus in coated pits and a variety of vesicles, signifying entry by endocytosis (40, 41) . Electron micrographs by Suzuki et al. (48) , however, appear to show that trypsin treatment of rotavirus leads to formation of a viral subpopulation which enters MA104 cell monolayers by direct penetration of the plasma membrane. They proposed that this is the mode of entry for infectious particles and that the nonactivated particles are removed from the surface by endocytosis and do not lead to infection.
In this study we present evidence for the direct penetration model by showing that (i) trypsin treatment converts ENTRY OF INFECTIOUS ROTAVIRUS 1137 potentially infectious particles into infectious particles; (ii) these two different particles can both enter cells, but they do so with markedly different rates and, thus, by presumably different pathways; (iii) rotavirus infection in tissue culture is not substantially reduced by endocytosis inhibitors or by alkalinization of endosomes with weak bases at concentrations of these agents which significantly reduce reovirus type 1 and 3 infection; and (iv) infectious particles increase cell membrane permeability, as measured by 51Cr, [14C]choline, and [3H]inositol release from prelabeled cells.
MATERIALS AND METHODS
Materials. All chemicals used in this study were of reagent grade.
Cell culture. MA104 cells were propagated in medium 199 (catalog no. 9466; Irvine Scientific, Santa Ana, Calif.) supplemented with 7.5% fetal calf serum (catalog no. 200-6140; GIBCO Laboratories, Chagrin Falls, Ohio)-glutamine (2 mM)-penicillin G (50 U/ml)-streptomycin (10 pug/ml)-gentamicin (5 ,ug/ml) in 5% CO2. Bovine aortic endothelial cells (generous gift from Dale Leitman) were grown as described previously (25) .
Virus cultivation and purification. For nonactivated virus, rhesus rotavirus (RRV) was activated with 5 ,g of trypsin (type IX, no. T-0134; Sigma Chemical Co., St. Louis, Mo.) per ml at 37°C for 1 h. Washed MA104 cell monolayers were inoculated with activated RRV at a multiplicity of infection (MOI) of 1 to 5. After 2 h the inoculum was aspirated, the flasks were washed twice and refed with medium 199 without trypsin, and the cells were grown until a 2 to 3+ cytopathic effect was visible, usually within 24 h. Flasks were frozen at -70°C. For trypsin-activated virus, washed MA104 cell monolayers were inoculated with trypsin-activated virus at an MOI of 0.1 to 1. The inoculum was not removed, and 0.5 ,ug of trypsin per ml was included in the medium. Flasks were frozen at -70°C after a complete cytopathic effect appeared. Virus was purified by freeze-thawing twice, trichlorotrifluoroethane (Baron, Blakeslee, Inc., San Francisco, Calif.) extraction, and sucrose gradient rate zonal centrifugation at 25,000 rpm for 75 min (20 to 40% [wt/vol] sucrose gradient; SW 28 rotor; Beckman Instruments, Inc., Fullerton, Calif.). Double-and single-shelled particle-containing fractions were identified by enzyme-linked immunosorbent assay and hemagglutination. Reovirus was grown and purified by the method of Joklik (22) .
Monoclonal antibodies. The neutralizing RRV anti-VP3 and anti-VP7 and the nonneutralizing anti-VP6 monoclonal antibodies used in this study have been described previously (47) .
Plaque titration. RRV-inoculated MA104 cell monolayers were washed twice with medium 199 and overlaid with medium 199 containing 0.55% agarose (SeaKem ME agarose; FMC Corp., Philadelphia, Pa.) and 0.5 ,ug of trypsin per ml, and then incubated for 3 to 5 days. Monolayers were stained with neutral red solution (catalog no. 630-5330; GIBCO) diluted 1:20 with medium 199, and plaques were counted. Reovirus plaque titration was performed as described previously (43) .
Immunohistochemical antigen detection assay. Following overnight growth of infected MA104 cell monolayers, the cells were washed twice with phosphate-buffered saline and fixed in cold methanol. The fixed monolayers were washed with phosphate-buffered saline and incubated with guinea pig anti-rotavirus hyperimmune serum (1:2,000 dilution in phosphate-buffered saline-1% bovine serum albumin) for 37°C. Medium (750 RI) was then added and the incubation was continued for an additional 90 min. The medium was aspirated and centrifuged (microfuge B; Beckman) for 1 min to remove the cells that were lost from the monolayer. The supernatant from the 51Cr-labeled cells was then counted (Gamma 300 counter; Beckman). To determine the time course, pH optimum, and effect of neutralizing monoclonal antibodies on RRV-mediated 51Cr release, RRV was incubated with prelabeled cells at 4°C for 1 to 2 h. Medium warmed to 37°C and containing monoclonal antibody (ascites 1:100 dilution) or with appropriately adjusted pH was then added. The incubation was continued at 37°C for 60 to 90 min, and the 51Cr released from the MA104 cells was then determined as described above. p.g of trypsin per ml or an equal volume of phosphatebuffered saline for 1 h at 37°C. When these preparations were bound to monolayers at 37°C for 1 h, followed by removal of the unbound virus fraction and addition of trypsin-containing agarose, there was no difference in plaque titer: 1,700 x 105 versus 1,620 x 105 PFU/ml, respectively. If, however, after the unbound virus was removed and then neutralizing anti- body was added to the monolayers for 30 min and washed away before the trypsin overlay was applied, a dramatic difference between the two types of virus was observed. While the titer of the trypsin-treated RRV was reduced to 590 x 105 PFU/ml, reduction in the titer of the nonactivated virus was almost 300-fold greater (2 x 105 PFU/ml). This implies that during the 1 h of incubation, trypsin-activated virus was almost completely removed from the cell surface, as measured by resistance to neutralization by antibody. The nonactivated, but potentially infectious, virus, in contrast, remained on the cell surface, where it was available either for activation by trypsin in the overlay or neutralization by monoclonal antibody (1,620 x 105 versus 2 x 105 PFU/ml). This nonactivated RRV preparation and the trypsin-treated virus derived from it were then used in the following entry experiments.
Internalization kinetics of trypsin-activated infectious RRV. To characterize further the internalization differences between trypsin-treated and nontreated rotavirus, the rate of infectious virus entry was studied. The entry of trypsinactivated virus was measured by determining the level of escape from neutralizing antibody (Fig. 1) . Surface-bound virus was almost completely neutralized when antibody was added at time zero, indicating that less than 1% of the bound infectious virus entered the cells at 4°C. Viral entry was initiated by warming the cell monolayers to 37°C. Entry of trypsin-activated rotavirus had a half-time of 3 to 5 min and appeared to be most consistent with first-order kinetics.
Disappearance kinetics of nonactivated, potentially infectious RRV. The entry rate of nonactivated but potentially infectious virus was determined by exploiting its potential for enhanced infectivity in the presence of trypsin. Nonactivated virus bound to MA104 cell monolayers was activated by the addition of a trypsin-containing overlay at various times (Fig. 2) . In this experiment, the loss of potentially infectious virus from the cell surface was measured. These potentially infectious particles were not released into the supernatant since the supernatant contained less than 102 PFU when 103 PFU was associated with the monolayer.
Virus not treated with trypsin also disappeared from the cell surface by first-order kinetics, but the half-time was 30 to 50 min.
Internalization kinetics of the infectious virus fraction associated with nonactivated RRV. There was always some infectious virus in a nonactivated rotavirus pool. These were the particles which were not neutralized by the addition of neutralizing antibody (2 x 105 PFU/ml) in the experiments described above. This population of infectious virus represented less than 1% of the total infectivity present after the pool was treated with trypsin (1,620 x 105 PFU/ml; the overlay was applied without pretreatment of the monolayer with neutralizing antibody). We found that the half-time of internalization of this preexisting infectious virus fraction present in the nonactivated pool was also 3 to 5 min, and it, too, disappeared from the cell surface in a log-linear manner (Fig. 3) . Results of these experiments showed that (i) trypsin-treated virus enters the cells rapidly (tj/2 = 3 to 5 min) and led to infection (titer, 590 x 105 PFU/ml); (ii) virus not exposed to trypsin disappeared from the cell surface 10 times more slowly (t012 = 30 to 50 min) and was substantially less infectious (titer, 2 x 105 PFU/ml); and (iii) the small fraction of infectious activity associated with the nonactivated virus pool (2 x 105 PFU/ml) entered the cells at the same rate (t012 = 3 to 5 min) as the trypsin-treated rotavirus. The discovery of two different rates of virus removal from the cell surface, only one of which appeared to be associated with infection, implied to us that trypsin-treated and nontreated rotavirus might enter the cell by different pathways. These observations were compatible with the model of 4 . Effect of lysosomotropic agents (NH4Cl and chloroquine) on RRV infection. For the control, cells were incubated with serially diluted trypsin-activated RRV for 1 h at 37°C, the inoculum was removed, and the cells were then incubated overnight with neutralizing monoclonal antibody 159. (A) Cells were incubated as described above, but the indicated lysosomotropic agents were added, along with neutralizing monoclonal antibody, after the viral inoculum was aspirated, and both agents were present during the overnight incubation. (B) The indicated lysosomotropic agents were added for 30 min prior to virus inoculation and were present throughout the experiment. The viral inoculum was removed, and neutralizing antibody was added 1 h after infection, as described for panel A. After an 18-h incubation, the cells were washed three times and fixed with cold methanol. Infected cells were stained with anti-rotavirus hyperimmune guinea pig serum, followed by peroxidase-conjugated rabbit anti-guinea pig immunoglobulin G antiserum, and counted under an inverted microscope. To determine the effect of energy inhibitors (sodium azide and dinitrophenol [DNP]) on RRV infection, control cells were incubated with serially diluted, trypsin-activated RRV for 30 min at 37°C. The inoculum was aspirated, and the cells were incubated for 60 min with neutralizing monoclonal antibody 159 before they were washed and overlaid with trypsin-containing agar. (A) The cells were incubated with virus as described above. After aspiration of the inoculum, the indicated metabolic inhibitors were added, along with neutralizing antibody, for 60 min. The monolayers were washed and then overlaid with trypsin-containing agar. (B) The indicated metabolic inhibitors were added 30 min prior to virus inoculation and were present during the 30-min viral incubation period, after which the monolayers were washed and neutralizing antibody was added for 60 min. The monolayers were then washed again, and the overlay was added. Plaques were counted after 4 days. The numbers above the columns are the percent reduction of treated cells compared with those of controls, which were not treated with the agents. Effect of energy inhibitors on RRV infection. Since endocytosis is an energy-requiring process, the energy inhibitors sodium azide (10 mM) and dinitrophenol (1 mM) were tested for their ability to protect cells from infection. The number of infected cells was reduced by 30% if these agents were added after the time of viral entry (Fig. 4A) . The number was further reduced if they were present before and during virus addition (Fig. 4B) . Thus, the difference (10 to 20% reduction) represents the impact during the time of entry. In contrast, reovirus type 3 was reduced 84% by sodium azide treatment (7.7 x 103 to 1.2 x 103 PFU/ml), and reovirus type 1 was reduced 98% by dinitrophenol (1.5 x 105 to 3.8 x 103 PFU/ml).
RRV-induced permeability alterations in MA104 plasma membranes. To study the effect of input on the cell plasma membrane, MA104 cells were preincubated with 51Cr as described above and then exposed to increasing amounts of sucrose gradient-purified rotavirus at 37°C for 2 h. Trypsintreated RRV mediated 51Cr release in a dose-dependent fashion (Fig. 5) . The spontaneous release of Cr was 5% of total cell-associated radioactivity, and the maximum virusassociated release was five times the spontaneous release. In similar experiments, trypsin-treated rotavirus also mediated the release of radiolabeled choline and inositol from prelabeled MA104 cells. with trypsin-treated virus at 4°C for 150 min and then warmed to 37°C. The virus-mediated 51Cr release was detected within 10 min after warming and was maximal by 60 min (Fig. 6) . RRV failed to mediate 51Cr release from bovine aortic endothelial cells (Fig. 7) . These cells were at least 100-to 1,000-fold less sensitive to RRV infection than were MA104 cells, but were able to bind RRV (K. T. Kaljot and H. B. Greenberg, manuscript in preparation). Treatment of RRV with 10 mM EDTA, which removes VP3 and VP7, before viral addition to the MA104 cell monolayer, completely abolished the RRV-mediated release of 51Cr: RRVmediated release, 956 cpm; EDTA-treated RRV-mediated release, 449 cpm; spontaneous release, 428 cpm. There was no RRV-mediated 51Cr release between pH 5.5 and 6.5; maximum release occurred at pH 8 (data not shown). Selected monoclonal antibodies also inhibited RRV-mediated 51Cr release from MA104 cells (Fig. 8) . Antibody directed at VP6 or a nonneutralizing epitope of VP7 had no effect on 51Cr release. However, two antibodies directed at neutralizing domains on VP3 completely prevented 51Cr release.
DISCUSSION
The earliest events in the viral infection of cells are attachment, penetration, and uncoating (13) . Following binding to the cell surface, the virus or its genetic material must pass through at least one cellular lipid bilayer and disassemble so that the viral genome becomes available for transcription and replication. While detailed information regarding the entry of many enveloped viruses is now available (32, 34, 37) , the mechanism by which icosahedral (nonenveloped) viruses penetrate cells and uncoat is less well understood.
The uncoating step for enveloped viruses, so far as it involves only shedding of the lipid envelope of the virus, is also the mechanism of cell membrane penetratioh. Viral fusion proteins mediate apposition and fusion of the viral and cellular membranes, allowing the viral genome to pass into the cytoplasm. Whether fusion occurs on the cell surface (neutral pH) or in an acidic endosomal vesicle is determined by the pH optimum of the viral fusion protein (26, 53) . Thus, among enveloped viruses the mechanism of viral penetration, i.e., membrane fusion, is conserved; but the compartment in which this entry occurs (plasma membrane or vesicle membrane) can vary.
Nonenveloped viruses mnust also cross cellular membranes and deliver their genomes to an intracellular location in an appropriately uncoated form for infection to occur. For the most part, it is thought that infectious, nonenveloped virions are internalized by receptor-mediated endocytosis and that penetration subsequently occurs in an acidic vesicle (13) . The evidence for localizing the penetration step to an intracellular compartment is based on (i) the finding of virions in coated pits, coated vesicles, and a variety of smooth vesicles in electron microscopic studies of infected cells and (ii) inhibition of infection with weak bases or metabolic inhibitors applied at times and with concentrations which inhibit enveloped virus infectivity by raising intravesicular pH or inhibiting endocytosis. Reduced infectivity after treatment with weak bases not only identifies a compartment but also implies that acidic pH is necessary for some aspect of membrane penetration. Adenovirus is a well-studied example of this model. It can be found in vesicles (12, 16) ; inhibitors of endocytosis and weak bases reduce infectivity if they are applied early in infection (50); cell plasma membranes can be made permeable when they are exposed to adenovirus at acid pH, presumably mimicking the enhanced permeability of acidic endosomal vesicles with enclosed adenovirus (44); and finally, reversible, acid-dependent hydrophobicity of adenovirus surface proteins has been demonstrated, providing both a potential mechanism of membrane penetration arnd an analog to the acid-dependent fusion proteins of enveloped viruses (45) . Similar sensitivity to weak bases has recently been described for members of two other families of nonenveloped viruses: Reoviridae (reovirus type 3) and Picornaviridae (poliovirus, rhinovirus, and footand-mouth disease virus) (7, 9, 30, 31, 39, 54) .
There are also, however, reports questioning a common, endocytosis-dependent entry pathway for the nonenveloped viruses. Some electron microscopic studies have reported direct cell membrane penetration by nonenveloped viruses (38) , and not all nonenveloped viruses have reduced infectivity in the presence of weak bases (39) . Results of this study suggest that infectious rotavirus does indeed employ such a novel entry strategy: protease-dependent direct cell membrane penetration.
We used the different behaviors of trypsin-treated and nontreated RRV to study the early events of rotavirus infection. Treated and nontreated rotavirus bound to cells equally well, indicating that the conformational changes associated with growth-enhancing VP3 cleavage can be separated from the capsid domain(s) mediating RRV binding to the MA104 cell surface. This cleavage does, however, alter virus entry. Trypsin-activated RRV was infectious and entered cells rapidly (tl/2 = 3 to 5 min). RRV with uncleaved VP3 also appeared to enter cells, but at a 10-fold slower rate. This virus was <1% as infectious as the same preparation following trypsin treatment. The non-trypsin-activated RRV, which had a low level of infectivity had an entry rate identical to that of the trypsin-treated virus. The identity of these two rates suggests that the presence of a smnall pool of RRV with cleaved VP3 within the non-trypsin-treated RRV population accounts for the residual infectivity. This seems a more likely explanation than postulating a markedly lower efficiency of infectivity for the other pathway employed by the more slowly entering nontreated particles. Presumably, MA104 cell proteases can activate a small fraction of the progeny virions when the virus is grown without trypsin in the medium. Thus, proteolytic cleavage of VP3 determines which of two alternate entry pathways (41/2 = 3 to 5 min or t112 = 30 to 50 min) rotavirus follows and is absolutely essential for infectious virus entry.
The rapid entry pathway which is associated with infectivity appears to correspond to the direct plasma membrane penetration pathway of trypsin-activated infectious rotavirus observed by Suzuki et al. (48) . The RRV, which removes VP3 and VP7 from virions and abolishes infectivity, completely prevented 51Cr release. In addition, release is not a nonspecific viral cytotoxic membrane effect since there was no RRVmediated 51Cr release from bovine aortic endothelial cells, which bound RRV efficiently but were 100-to 1,000-fold less permissive for rotavirus antigen synthesis than were MA104 cells. The alkaline pH optimum of RRV-mediated 51Cr release also favors cell surface rather than acid endosomal or lysosomal membrane penetration.
The ability of neutralizing monoclonal antibodies to prevent RRV-mediated 51Cr release indicates the specificity of the process and suggests that one mechanism of rotavirus neutralization by antibodies involves inhibition of infectious virus entry by stopping membrane penetration. Anti-penton base sera has a similar inhibitory effect on the acid-dependent 51Cr release mediated by adenovirus type 2 (46) . Recently, neutralizing antibodies that can inhibit viral entry by preventing membrane fusion have been described for the enveloped flavivirus West Nile virus (17) . Thus, the prevention of infectious virus entry is a mechanism of antibodymediated neutralization that is common to both enveloped and nonenveloped viruses.
In ase-dependent membrane penetration may be a common feature of the Reoviridae, and if so, its occurrence among the orbiviruses might also be expected. Cleavage of VP3 with trypsin appears analogous to the proteolytic activation of ortho-and paramyxovirus fusion proteins since both events are followed by the movement of viral proteins into the lipid bilayer (53) . The presence of syncytia in avian reovirus-(23) and group B rotavirus (2, 10, 52)-infected cells also supports the notion of fusion-like activity in members of the Reoviridae. However, the mechanisms of these events are probably different. Cleavage of the paramyxovirus fusion protein allows exposure of a previously covered hydrophobic region (21) ; the new N terminus, which is extremely hydrophobic and highly conserved among the paramyxoviruses, may then be inserted into the membrane to initiate fusion since peptides homologous to the new N terminus are inhibitors of fusion proteinmediated membrane fusion (42) Sindbis virus (28a). Thus, an antibody capable of preventing RRV-mediated 51Cr release also selects an escape variant with a single amino acid substitution in a region homologous to a known internal fusion sequence.
Very recent electron microscopic studies of trypsintreated rotavirus interactions with MA104 cells by Suzuki et al. (49) suggest that penetration of the cell membrane is not followed by transfer of the entire rotavirus particle into the cytoplasm. Rather, the virus-cell membrane interaction leads to virus capsid rearrangement, viral transcriptase activation, cell membrane pore formation, and the passage of viral RNA into the cytoplasm by a mechanism analogous to bacteriophage infection. In such a model, our observation of the antibody-mediated neutralization of prebound infectious rotavirus suggests that neutralization interferes with the VP3 and VP7 conformational changes associated with transcriptase activation and cell membrane pore formation. Conversely, once pore formation has occurred, neutralization by antibodies may no longer be possible.
The slow internalization pathway used by noninfectious (intact VP3) rotavirus probably corresponds to the endocytosis of rotavirus detected in the electron microscopic studies. The half-time of this entry pathway (30 to 50 min) is unusually long for most reported endocytic processes. However, our warming procedure which involved the aspiration of cold media from chilled plates, replacement of this with warmed media, and placement of the cool plates in a 37°C incubator probably resulted in the slow warming of the cell monolayers. A similarly long apparent half-time (35 min) of endocytosis was observed for Semliki Forest virus entry, which has been studied under similar warming conditions (33) . When the plates were warmed rapidly by total immersion in warm media, the half-time of Semliki Forest virus endocytosis was reduced to 5 to 10 min. A corresponding reduction in the rate of trypsin-treated particle entry might also be expected under these more rapid warming conditions, so that the half-time of RRV direct membrane penetration would then be 1 min or less.
Our results show that tryptic cleavage of VP3 determines which of two separate entry pathways leads to rotavirus removal from the MA104 cell surface. The rapid entry of activated particles leads to infection, while the slower internalization of particles with intact VP3 does not produce (49), these results strongly suggest that trypsin cleavage of VP3 initiates cell membrane penetration by infectious rotavirus. Rotavirus particles with intact VP3 are probably internalized by endocytosis and ultimately are degraded in lysosomes since they lack the-ability to penetrate endosomal or lysosomal membranes. The failure of activated rotavirus to release 51Cr from bovine aortic endothelial cells, even though they bind to their surface, implies that the specific cell membrane components necessary for rotavirus attachment may not be identical to those required for subsequent viral penetration of the membrane. It will be interesting to determine whether the rotavirus tissue tropism can be linked to viral entry rather than cell binding. Finally, the ability of monoclonal antibodies directed at VP3 to inhibit 51Cr release and efficiently neutralize prebound virus implies that at least one mechanism of neutralization is penetration inhibition.
